Introduction

49
The outstanding transformative potential of graphene, an infinite sheet of carbon atoms tightly 50 packed into a honeycomb lattice, has been recognized mostly due to its exceptionally high 51 charge-carrier mobility, thermal conductivity, tensile strength, and mechanical stiffness [1] [2] [3] . Yet, 52 these undeniably very desirable properties represent only a very small facet of the true potential 53 of all-sp 2 carbon materials and its potential to revolutionize the field of molecular electronics. The 54 electronic properties of graphene itself can be described as a gapless semiconductor or 55 . The charge mobility in graphene is largely dominated by impurity scattering 59 effects and is almost independent of the temperature. Even at ambient conditions the charge 60 carriers in graphene move ballistically over submicron distances covering a typical gap between 61 the source and drain electrodes of a transistor in less than 1 ps [1, 2, 6] . 62
Over the last decade an overwhelming variety of applications for graphene have been 63
proposed ranging from fillers for composite plastic materials, graphene based batteries, super 64 capacitors, and field emitters [7, 8] , transparent electrodes in optoelectronics [9, 10], carbon-65 based environmental sensors [11] , spin-valves [12, 13] , and field-effect transistors [1] . The 66 research in the field of all-sp 2 carbon-based materials has largely been motivated by its 67 applications in advanced functional electronics. Due to its unique properties graphene has been 68 identified as one for the most promising materials for post-silicon integrated circuit architectures 69 [14] . The seamless integration of graphene into advanced electronic circuits, however, calls for 70 semiconductors, rather than semimetals, featuring well-defined and tunable band gaps and large 71 on-off current ratios at ambient conditions. This can be achieved by reducing the infinite two-72 dimensional carbon sheet to a narrow one-dimensional graphene nanoribbon (GNR) [5, 15] . This 73 quantum mechanical confinement alters the electronic band structure and gives rise to a well-74 defined gap between the conductance and the valence band [16, 17] . In fact, GNRs most unusual 75
properties, e.g. the theoretically predicted edge-magnetism, the exceptionally high spin-76 coherence, and the highly tunable band gap, are intimately linked to quantum mechanical 77 boundary conditions dictated by the dimension, symmetry, and the edge-structure [18] . 78
Unfortunately, these complex structure-function relationships remain poorly understood. The 79 exploration, realization, and implementation of these truly exotic properties rely on the 80 development of innovative synthetic strategies, that provide atomically precise control over the 81 to engineer graphene nanostructures [15] . Current etching of a single sheet of graphene at the 114 surface of multilayer graphite yielded GNRs ranging in widths between 2.5-10 nm and lengths up 115 to 120 nm. This technique represents a significant improvement, however, the low throughput and 116 edge irregularities or roughness in the narrower ribbons remain a common problem of top-down 117 approaches. 118
Naturally occurring defect structures in graphene have been used by Li et al. to fabricate sub 119 10 nm wide and ~ 1 µm long GNRs by sonication of exfoliated graphene sheets suspended in 120 organic solvents [19] . While this approach yields GNRs with well-defined edges, the random 121 distribution of defects can not be used to control the absolute dimensions of the ribbon. The edge structure of the resulting unfolded GNRs can directly be correlated to the chirality of the 127 initial carbon nanotube. The use of harsh reaction conditions and the inherent inhomogeneity of 128 carbon nanotubes, however, lead to irregularities in the substitution pattern and unpredictable 129 edge symmetries. Carbon atoms exposed during the unzipping process can easily be oxidized to 130 e.g. alcohols, ketones, or carboxylic acids. This irregular substitution negatively and unpredictably 131 affects the conductive properties of narrow GNRs. 132
Rational Bottom-Up Synthesis
133
A significant advance in the rational synthesis of GNRs has been demonstrated by Müllen, 134 Fasel, and coworkers [22] . Pioneering work related to the surface supported assembly of 135 molecular wires and covalent organic networks sparked the rational design of polymers that could 136 be converted into GNRs through surface catalyzed cyclodehydogenation strategies [23] [24] [25] . The 137 general concept is illustrated for the rational synthesis of N = 7 (where N is the integer number of 138 carbon atoms counted across the width of the GNR) AGNRs from 10,10'-dibromo-9,9'-bianthryl 139
(1) in Figure 3 . The brominated small-molecule precursors is evaporated onto a clean noble metal 140 (e.g. Au, Ag, Cu) surface held at a constant temperature (T1) under ultra-high vacuum (UHV). atomically defined hydrogen substituted armchair edges. The width and the crystallographic 148 symmetry of bottom-up fabricated GNRs is primarily determined by the structure of the small-149 molecule precursor. The length of the ribbon largely depends on the surface coverage, the 150 average diffusion length of monomers and growing polymer chains on the surface, and the 151 competition between chain-extension, chain-termination and radical-transfer processes. While 152 this technique yields superior GNRs with hydrogen terminated edges it is limited by the growth 153 conditions. The efficient incorporation into devices demands GNRs with lengths in excess of 100 154 nm. Particularly for electronic applications it is essential that the GNR is supported by an insulator 155 rather than by a highly conductive metal to prevent competing conduction pathways. 156
Bottom-Up Synthesis on Surfaces: Mechanism and Design Strategies
157
A central aspect to the rational bottom-up synthesis of GNRs lies in the design of the 158 molecular precursors. The precursor molecules are required to meet a series of thermodynamic, 159 kinetic, and structural criteria imposed by the dimensions and the symmetry of the desired GNR, 160 the nature of the surface used as the growth substrate, and technical limitations imposed by the 161 UHV system used in the fabrication. A more complex factor that has to be considered in the design of competent molecular 221 precursors lies in the sample preparation procedure itself. Surface mediated GNR growth is 222 commonly performed in a UHV system as the nature of the radical recombination that leads to 223 the extended polymer precursors requires an atomically clean surface. The molecular building 224 blocks for GNRs are commonly evaporated from a crucible onto the face of a single crystal of 225 metal thin film. This step mandates a thermal stability that is compatible with the sublimation 226 temperature, and preferably below the uncatalyzed activation of the thermally labile groups. 227
Furthermore, an exceptionally high purity of the molecular sample is instrumental to the formation 228 of extended polymers, as even trace impurities (< 0.1%) or decomposition products can readily 229 sublime and form a monolayer coverage on the metal substrate before the desired building blocks 230 can evaporate. Finally, even at 10 -9 Pa, sublimation itself places an upper limit on the size of 231 molecular precursors that can be deposited efficiently, and restricts the nature, the position, and 232 the size of substituents that can be incorporated into the structure of the resulting GNR. 233
Even if all the above criteria are met through the rational design of a molecular building block, 234 a series of less predictable factors remain. These include for example the preferred adsorption 235 geometry and adsorption energy of the molecules on the substrate. Predicting the self-assembly 236 of molecules on a surface solely based on routine DFT calculations in the gas phase is a daunting 237 challenge and increases exponentially with any additional degree of freedom or decrease in 238 symmetry inherent to the molecule itself. Aside from the numerous orientations a molecule can 239 adopt with respect to the crystallographic axes and the unit cell of the underlying substrate, any 240 non-planar molecule inherently has multiple surfaces that can adsorb to the substrate. When 241 approaching monolayer coverages additional intermolecular interactions can induce the formation 242 of long range ordered molecular islands. Since the step growth polymerization relies on a formal 243 radical recombination, the physisorbed or chemisorbed intermediates have to come close enough 244 to form a covalent C-C bond. During this critical step the relative orientation of reaction centersand the steric demand imposed by the immediate surrounding both contribute to the height of the 246 activation barriers and thus the product distribution. This is illustrated in the fact that two molecules 247 of the non-planar dibromobisanthrene 1 adsorbed on a Au(111) surface (dihedral angle between 248 anthracenes ~ 80°) can approach one another in a staggered conformation that allows for the 249 fusion of both radical centers. If instead a planar 9,10-dibromoanthracene were used the repulsive 250 interaction between peri-hydrogens would effectively prevent the formation of a new C-C bond. 251
As important as the relative orientation is a well-balanced molecule surface interaction. 252
Adsorbates that interact too weakly with the substrate tend to form irregular clusters along 253 crystallographic defects and step edges or desorb prematurely during the thermal activation 254 steps. If instead the adsorption energy is too large the diffusion of activated species across the 255 surface can become a rate limiting step. While molecular designs greatly benefit from structural 256 analogies to proven systems, even in these cases the sheer complexity inherent to balancing the 257 multitude of intermolecular forces along with the significant variability that comes with different 258 metal substrates and crystallographic faces has thus far prevented the development of any 259 practical predictive model. An illustrative example is the growth of GNRs form 1 on Au (111) semiconducting AGNRs allows to rationally dial-in a desired band structure by tightly controlling 300 the structure of the molecular precursor. Experimental determination of the band gaps in a family 301 of AGNRs adsorbed on Au(111) supports this general trends. The quasi-particle band gaps of 7-302 AGNRs, 9-AGNRs, and 13-AGNRs determined by scanning tunneling spectroscopy (STS) are 303 2.3 eV, 1.4 eV and 1.4 eV respectively. While 7-AGNRs and 13-AGNRs, derived from 1 and 2 304 respectively, belong to the same family (3p+1) and serve to illustrate the reduction in band gap 305 for wider ribbons, 9-AGNRs derived from 3 fall into the intermediate 3p series and only 306 coincidentally feature a band gap that is comparable to the significantly wider 13-AGNRs. Figure  307 9 depicts and overlay of dI/dV spectra of 7-AGNRs and 13-AGNRs recorded on a Au(111) crystal 308
[41]. The smaller intrinsic band gap of 13-AGNR (blue), corresponding to a peak to peak distance 309 in a density of states plot, is straddled by the significantly larger gap of the 7-AGNRs (red). It is 310 worth noting that theoretical models based on the DFT GW approximation do generally not include 311 a discrete interaction between the GNRs and the underlying metal substrate. A direct comparison 312 between the calculated quasi-particle band gap of isolated GNRs (3.8 eV, 2.0 eV and 2.4 eV for 313 7-AGNRs, 9-AGNRs and 13-AGNRs, respectively) and the experimentally determined band gaps an unusually large bandgap (2.8 eV) a careful study of a series of oligomers derived from 5-320
AGNRs ranging in length between 2 to 14 monomer units (5) revealed a more detailed picture. 321
Aside from the dominant signals previously assigned to the CB and VB edges the study revealed 322 a series of smaller peaks in the dI/dV spectrum that fall within the assumed band gap (Figure 10) . 323
Reassignment of the CB and VB states led to a reinterpretation of the DOS and revealed an 324 exceptionally small band gap of 0.1 eV for ribbons featuring more than five monomer units [43] . 325
This lower band gap is consistent with the expected trend for the 3p+2 family (1.7 eV for 7-326
AGNRs) 327
Aside from varying the width of GNRs the unique structural control inherent to a rational 328 bottom-up synthesis offers a variety of alternative strategies to tailor the electronic structure. 329
CGNRs derived from the dibromotriphenylene precursor 6 for example can be thought of as a 330 GNR comprised of hexabenzocoronenes laterally fused at an angle of (~104°) [22] . The structure of these cove-edge GNRs (CeGNRs) resembles a zig-zag edge in which every 339 fourth carbon atom has been replaced by hydrogen. Deposition of 7 on Au(111) followed by 340 thermal annealing and cyclodehydrogenation yields GNRs ranging in length between 5-20 nm. 341
The unique edge structure of these chiral GNRs however is unusually susceptible to unselective 342 C-H activation. Concurrent hydrogen abstraction during the cyclodehydrogenation step leads to 343 ubiquitous radical centers along the edges that undergo recombination or uncontrolled radical 344 transfer processes. As a result of this insufficient selectivity, CeGNRs tend to fuse into largerirregular GNR aggregates at temperatures commensurate with the cyclodehydrogenation step. 346
Optical spectroscopy along with ab initio DFT calculations (not including the GW approximation) 347 indicate a potentially small band gap of 1.7-1.9 eV. 348 Narrow ZGNRs featuring a zig-zag pattern of hydrogen terminated carbon atoms along the 349 longitudinal edge feature a series of unique properties among bottom-up fabricated GNRs. 
Spatial Isolation of Energy States in Segmented GNRs
